Small Heterodimer Partner (SHP) inhibits activities of numerous transcription factors involved in diverse biological pathways. As an important metabolic regulator, SHP plays a key role in maintaining cholesterol and bile acid homeostasis by inhibiting cholesterol conversion to bile acids. While SHP gene induction by increased bile acids is well established, whether SHP activity is also modulated remains unknown. Here, we report surprising findings that SHP is a rapidly degraded protein via the ubiquitin-proteasomal pathway and that bile acids or bile acid-induced intestinal fibroblast growth factor 19 (FGF19) increases stability of hepatic SHP by inhibiting proteasomal degradation in an extracellular signal-regulated kinase (ERK)-dependent manner. SHP was ubiquitinated at Lys122 and Lys123, and mutation of these sites altered its stability and repression activity. Tandem mass spectrometry revealed that upon bile acid treatment, SHP was phosphorylated at Ser26, within an ERK motif in SHP, and mutation of this site dramatically abolished SHP stability. Surprisingly, SHP stability was abnormally elevated in ob/ob mice and diet-induced obese mice. These results demonstrate an important role for regulation of SHP stability in bile acid signaling in normal conditions, and that abnormal stabilization of SHP may be associated with metabolic disorders, including obesity and diabetes.
Cholesterol is a component of the cell membrane and is an essential precursor for steroid hormones, fat-soluble vitamins, and bile acids (Russell and Setchell 1992; Russell 1999) . Bile acids play dietary roles in the absorption of lipid-soluble nutrients and also function as signaling molecules that coordinately regulate lipid and glucose metabolism and energy homeostasis (Russell 1999; Houten et al. 2006) . Despite their essential functions, excess levels of cholesterol and bile acids cause metabolic diseases, such as cardiovascular disease, gall stone formation, hepatic cholestasis, and cancer. Therefore, cholesterol and bile acid levels must be tightly regulated. Indeed, the orphan nuclear receptor and transcriptional corepressor Small Heterodimer Partner (SHP) plays a key role in this regulation by inhibiting the biosynthesis of bile acids from cholesterol (Goodwin et al. 2000; Lu et al. 2000; Bavner et al. 2005) .
Increased levels of bile acids feedback-inhibit transcription of the cholesterol 7a hydroxylase (CYP7A1) gene, which encodes the first and rate-limiting enzyme in hepatic conversion of cholesterol to bile acids (Jelinek et al. 1990; Chiang 2002) . It is now apparent that feedback inhibition of CYP7A1 expression is a complicated process that involves multiple bile acid-activated signaling pathways, such as the FXR/SHP nuclear receptor cascade, cellular kinases, and the recently identified fibroblast growth factor 15/19 (FGF15/19) (Goodwin et al. 2000; Lu et al. 2000; Gupta et al. 2001; Kerr et al. 2002; Wang et al. 2002; Holt et al. 2003; Inagaki et al. 2005) . SHP has been implicated as a key downstream regulator in all of these inhibitory pathways.
In the FXR/SHP pathway, the nuclear bile acid receptor FXR senses the elevated hepatic bile acid levels and induces SHP gene expression (Goodwin et al. 2000; Lu et al. 2000) . Induced SHP inhibits transcription of CYP7A1 by coordinately recruiting the chromatinmodifying cofactors, mSin3A/HDAC corepressors, G9a methyltransferase, and Swi/Snf-Brm chromatin remodeling complex to the promoter (Kemper et al. 2004; Fang et al. 2007 ). The physiological relevance of SHP has been demonstrated by the observations that CYP7A1 expression and the bile acid pool size are increased in SHP-null mice (Kerr et al. 2002; Wang et al. 2002) , whereas in transgenic mice overexpressing SHP in the liver, CYP7A1 expression and the bile acid pool size was decreased (Boulias et al. 2005) . In addition to the FXR pathway, bile acids have been shown to inhibit CYP7A1 by activating cellular kinase pathways, such as c-jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and PKB (AKT) kinases (Gupta et al. 2001; Wang et al. 2002; Holt et al. 2003; Dent et al. 2005) .
Bile acid-activated FXR was demonstrated recently to induce expression of FGF15/19 (FGF15 is the mouse homolog of human FGF19) in the small intestine. Secreted FGF15 inhibits CYP7A1 transcription in the liver by activating the membrane FGF receptor 4 (Inagaki et al. 2005) . The inhibition of CYP7A1 by FGF15 was substantially reversed in SHP-null mice, indicating a critical role for SHP in FGF15 action. However, FGF15 treatment did not result in increased SHP mRNA levels in the liver, so the mechanism by which FGF15 acts in a SHPdependent manner remains unknown, but could involve post-transcriptional mechanisms.
Post-translational modifications, such as ubiquitination and phosphorylation, dynamically regulate the activity and stability of transcriptional regulatory proteins. The ubiquitin-proteasome pathway is a major system for the degradation of short-lived regulatory proteins whose activities must be tightly regulated, such as NFkB, jun/ fos, and p53 (Brooks and Gu 2003) . Protein phosphorylation plays a critical role in regulating protein ubiquitination (Pickart 2001; Sundqvist et al. 2005) . Since a role for the JNK, ERK, and p38 MAP kinase pathways in bile acid regulation of CYP7A1 has been demonstrated (Gupta et al. 2001; Holt et al. 2003; Dent et al. 2005; Xu et al. 2007) , it is possible that phosphorylation of SHP mediated by these kinase signaling pathways could affect ubiquitination, and thereby regulate protein degradation of SHP.
In this study, we sought to determine whether bile acids and bile acid-induced intestinal FGF19 might increase hepatic SHP activity by increasing protein stability through post-translational modifications of SHP. From studies in vivo in mice, as well as in cultured hepatoma cells and primary human hepatocytes (PHH), we obtained compelling evidence indicating that SHP is rapidly degraded, with a half-life shorter than 30 min, via the ubiquitin-proteasomal pathway. Treatment with bile acids or FGF19 substantially increased SHP stability by inhibiting ubiquitination in an ERK-dependent manner. Surprisingly, hepatic SHP stability was abnormally elevated in ob/ob mice and mice fed a chronic western-style diet, implying a potential link between abnormal regulation of SHP stability and metabolic disorders.
Results

SHP is a target of ubiquitin-proteasomal degradation.
To identify novel SHP-interacting proteins that are involved in bile acid signaling in vivo, mice infected with adenoviral vectors expressing Flag-SHP were fed normal chow or cholic acid (CA)-supplemented chow. Hepatic proteins associated with Flag-SHP were isolated by M2 agarose, separated by SDS-PAGE, and identified by tandem mass spectrometry (MS/MS). Interaction of a 65-kDa protein with SHP was reduced by CA feeding, and the protein was identified as psmd1, a component of the 26S proteasomal complex ( Fig. 1A ; Deng et al. 2007 ). These results suggested that SHP may be a target for proteasomal degradation and that CA feeding may inhibit the degradation.
To determine if SHP is a target of proteasomal degradation, we tested the effects of proteasome inhibitors on levels of Flag-SHP expressed in HepG2 cells. Because Flag-SHP expression was controlled by a constitutive CMV promoter, changes in the Flag-SHP levels should result from changes in degradation rather than biosynthesis. Flag-SHP protein levels were robustly increased by MG132, ALLN, or lactacystin treatment (Fig. 1B) , and similar results were observed in PHH (Supplemental Fig.  S2 ). These results indicate that SHP is a target of 26S proteasomal degradation in hepatocytes.
Since the 26S proteasome recognizes and degrades proteins that are conjugated with polyubiquitin chains, we next examined whether SHP is ubiquitinated in cells. Because of poor transfection efficiency in HepG2 cells, cell ubiquitination studies were carried out in hepa1c cells. A ladder of high-molecular-weight forms of ubiquitinated SHP proteins was detected in cells transfected with an expression plasmid for HA-ubiquitin, and MG132 treatment increased the ubiquitinated SHP levels as expected (Fig. 1C) . These results further support the conclusion that SHP is a target of ubiquitin-proteasomal degradation.
SHP is rapidly degraded with a half-life ;20-30 min To determine the rate of degradation of SHP, HepG2 cells expressing Flag-SHP were pulse-labeled with 35 S-methionine and then chased by incubation with unlabeled methionine. Flag-SHP levels were decreased by 80% after 1 h of chase and were nearly undetectable after 3 h (Fig.  1D) . We also measured the degradation rate by monitoring the decrease of SHP after protein synthesis was blocked by cycloheximide (CHX). Similar to pulse-chase experiments, the half-life of Flag-SHP was ;30 min after CHX treatment (Fig. 1E) .
Since exogenously expressed Flag-SHP might be degraded differently than endogenous SHP, we measured the decrease in endogenous SHP after CHX treatment in HepG2 cells. The half-life of endogenous SHP was ;20-30 min, similar to that determined for Flag-SHP, whereas levels of tubulin were not changed (Fig. 1F ). These results demonstrate that endogenous SHP as well as Flag-SHP is rapidly degraded.
CDCA treatment increases the stability of SHP by blocking ubiquitination
Since bile acids are known to increase SHP levels and resulted in decreased association of psmd1 with SHP in mouse liver (Fig. 1A) , we examined the effects of a primary bile acid, chenodeoxy CA (CDCA), on SHP stability. CYP7A1 mRNA levels decreased and SHP mRNA levels were increased after CDCA treatment, as expected ( Fig.  2A ; Goodwin et al. 2000; Lu et al. 2000) . Interestingly, levels of Flag-SHP expressed from the CMV promoter were increased in a time-dependent manner by >10-fold after 14 h of CDCA treatment (Fig. 2B) . Notably, while SHP mRNA levels increased less than threefold, increased stability resulted in a >10-fold increase in protein levels ( Fig. 2A,B) . Increased endogenous SHP levels were also detected after CDCA treatment in HepG2 cells (Fig.  2C) .
To examine the effect of CDCA treatment on the rate of degradation of SHP, we examined SHP protein levels after CHX treatment. CDCA treatment reduced the degradation rate so that ;50% of Flag-SHP was still detected at 120 min after CHX treatment, while in cells not treated with CDCA, the half-life was ;30 min ( Fig.  2D ). Levels of tubulin as a loading control and GFP as a control for adenoviral infection efficiency were not affected by CHX treatment (Fig. 2D) .
If CDCA reduces proteasomal degradation of SHP, it would be expected that ubiquitination should also be reduced. CDCA treatment abolished ubiquitinated forms of Flag-SHP present in HepG2 cells (Fig. 2E) . These results suggest that SHP is rapidly degraded by proteasomal degradation and that CDCA treatment increases SHP stability by inhibiting ubiquitination and subsequent proteasomal degradation.
The ERK pathway is critical for SHP stability
Since regulation of ubiquitin-mediated proteasomal degradation by phosphorylation is well known (Pickart 2001; Brooks and Gu 2003; Sundqvist et al. 2005 ) and bile acids activate kinase signaling pathways such as JNK and ERK Ser/Thr kinases (Gupta et al. 2001; Wang et al. 2002; Holt et al. 2003; Dent et al. 2005) , we examined whether phosphorylation is important for SHP stability. Treatment with calyculin A, a Ser/Thr-specific phosphatase inhibitor, substantially increased Flag-SHP protein levels in CDCA-treated cells (Supplemental Fig. S3 ), suggesting that phosphorylation of SHP is involved in its stability.
To determine whether known bile acid-regulated kinase signaling pathways are involved in stabilization of SHP, HepG2 cells were treated with inhibitors of JNK (SP600125), ERK (PD98059), and p38 kinase (SB203580). JNK has been shown to be prominently involved in bile acid and FGF19-mediated CYP7A1 repression (Holt et al. 2003; Yu et al. 2005) . Surprisingly, inhibition of JNK or p38 kinase did not reduce Flag-SHP levels, but instead increased Flag-SHP levels in cells treated with either vehicle or CDCA (Supplemental Fig. S4 ). In a sharp contrast, treatment with an ERK inhibitor, PD98059, resulted in a time-dependent decrease in Flag-SHP levels in cells treated with either CDCA or vehicle (Fig. 3A,  lanes 5-12) . Furthermore, phospho-ERK levels were decreased to undetectable levels by 2 h, whereas total ERK levels were not reduced (Fig. 3A, lanes 5-12) . The levels of Figure S1 . Briefly, Ad-Flag-SHP or control Ad-empty (E) was injected via the tail vein and, 5 d later, mice were fed normal (À) or CA-supplemented (+) chow for 5 h and liver extracts were prepared. Flag-SHP and associated hepatic proteins affinity-purified on M2 agarose were visualized by silver staining. One band (arrow) was identified as psmd1 by mass spectrometry. the control proteins, tubulin or GFP, were not changed. CDCA treatment of HepG2 cells resulted in an increase in phospho-ERK levels in parallel with increased Flag-SHP levels (Fig. 3A) .
Similar to the results from HepG2 cells, Flag-SHP and active phospho-ERK levels were increased after CDCA treatment in PHH (Supplemental Fig. S5 ). In control experiments, SHP mRNA levels were increased, whereas CYP7A1 levels were decreased, in PHH after CDCA treatment (Supplemental Fig. S6 ). These results indicate that CDCA treatment increases the levels of activated phospho-ERK in hepatocytes and further suggest that CDCA-mediated activation of ERK results in increased SHP stability.
To directly demonstrate that the ERK pathway is critical in regulating SHP stability, endogenous ERK1/2 in HepG2 cells were down-regulated by siRNA and Flag-SHP protein levels were measured. ERK1/2 levels were significantly reduced in cells overexpressing siRNA for ERK and down-regulation of endogenous ERK1/2 dramatically decreased Flag-SHP protein levels (Fig. 3B) . In CHX experiments, down-regulation of ERK1/2 increased the degradation rate so that Flag-SHP was not detectable at 20 min after CHX treatment (Fig. 3C ). These results demonstrate that the ERK pathway is critical for SHP stability.
To further examine whether ERK is critical for SHP protein function, the association of SHP with the promoter of CYP7A1, a well-known SHP target gene, was monitored in HepG2 cells after treatment with PD98059, an ERK inhibitor. Association of Flag-SHP with the promoter was nearly abolished 1 h after PD98059 treatment ( Fig. 3D) , consistent with the decreased levels of SHP in these cells. These results demonstrate that the ERKmediated decrease in SHP levels is functionally significant.
Ser26 in SHP is the ERK phosphorylation site
To identify phosphorylated amino acid residues, HepG2 cells were infected with Ad-Flag-SHP and treated with vehicle or CDCA, and Flag-SHP was isolated ( , which is a predicted ERK site, Pro-neighboring Ser/Thr, in SHP. Consistent with these results, Western analysis showed that CDCA treatment increased phosphoSer levels in SHP (Fig. 3G) . To directly determine whether SHP can be phosphorylated by ERK, in vitro kinase assays were performed. Phosphorylated SHP was detected after incubation of Flag-SHP with ERK and g 32 P-ATP by autoradiography (Fig. 3H) or by Western analysis with phosphoSer antibody (Supplemental Fig. S8 ).
We further examined the role of Ser26 in SHP stability by mutational analysis. While mutation of Ser28 to alanine did not change SHP stability, as almost comparable with wild-type SHP, mutation of Ser26 to either alanine or glutamate (data not shown) resulted in undetectable levels of Flag-SHP (Fig. 3I ). These results demonstrate that Ser26 is phosphorylated in response to bile acid signaling and further suggest that Ser26 is critical for SHP stability.
Bile acid-induced FGF19 increases SHP stability through ERK
Bile acid-activated FXR induces the expression of FGF15/ 19 in the small intestine, and the secreted FGF15/19 acts at the liver to inhibit CYP7A1 transcription (Inagaki et al. 2005 ). This inhibition was substantially reversed in SHP-null mice, but surprisingly, the SHP mRNA levels in the liver of wild-type mice were not increased by FGF15/ 19 treatment. One possibility is that FGF15/19 increases SHP stability rather than gene induction. Consistent with previous studies (Inagaki et al. 2005) , CYP7A1 mRNA levels were significantly decreased after FGF19 treatment, whereas SHP mRNA levels were not significantly changed in HepG2 cells or in PHH by treatment with FGF19 (Fig. 4A) . In contrast, treatment with FGF19 substantially increased Flag-SHP protein levels in both HepG2 and PHH (Fig. 4B) , suggesting that the major effect of FGF19 is on the stability of SHP.
The half-life of SHP was markedly increased after FGF19 treatment in HepG2 cells treated with CHX (Fig.  4C) . Consistent with the decreased degradation, ubiquitinated SHP levels were substantially reduced in cells after FGF19 treatment (Fig. 4D) , suggesting that FGF19 increases SHP stability by inhibiting ubiquitination and subsequent proteasomal degradation.
As observed with CDCA treatment, FGF19 treatment increased the levels of phosphorylated ERK in HepG2 cells or PHH, whereas total ERK levels were not changed (Fig. 4E) . Inhibition of ERK, but not JNK and p38, resulted in dramatically decreased levels of SHP in both untreated and FGF19-treated cells (Fig. 4F) , as was observed after CDCA treatment (Fig. 3B) . In control experiments, phosphorylated ERK levels were undetectable after treatment with ERK inhibitor in FGF19-treated HepG2 cells (Supplemental Fig. S9 ). These results strongly suggest that FGF19 increases SHP stability by inhibiting ubiquitination and proteasomal degradation, possibly as a result of ERK activation.
Lysine residues 122 and 123 in SHP are major ubiquitination sites
To identify lysine residue targets for ubiquitination, each of the six lysine residues present in SHP were substituted with arginines and in-cell ubiquitination assays were performed. Ubiquitinated SHP levels were reduced by mutation of K122 or K123 (Fig. 5A ), whereas they were not markedly reduced in mutation of other lysines (data not shown). The protein levels of these mutants were elevated in cells before treatment with MG132 compared with wild-type SHP and were only modestly increased after CDCA treatment (Fig. 5B) . Consistent with the reduced ubiquitination, the half-lives of the K122 and K123 mutants were substantially increased compared with that of wild type (Fig. 5C) .
Mutation of the major ERK phosphorylation site Ser26 dramatically destabilized SHP (Fig. 3I) . However, additional mutations at both ubiquitination sites, K122 and K123, substantially reversed the destabilization by the S26 mutation (Supplemental Fig. S10 ). Furthermore, while robust phosphorylation of SHP wild type and the K122/123 SHP mutant was detected, phosphorylation of the S26/K122/K123 mutant was not detected (Fig. 5D) . These results, together with MS/MS analyses, demonstrate that K122 and K123 are major ubiquitination sites and Ser26 is a major ERK phosphorylation site in SHP.
Mutation of K122/K123 alters the repression activity of SHP Since mutation of K122 and K123 to Arg increased SHP protein levels, we tested whether the repression activity of SHP was also increased. Exogenous expression of the K123R SHP mutant enhanced the suppression of the CYP7A1-luc reporter activity (Fig. 5E, cf. lanes 3-5 and  9-11) . Surprisingly, suppression was not enhanced by the K122R mutant, and in fact was impaired (Fig. 5E , lanes 6-8) despite increased protein levels (Fig. 5B,C) . These data are consistent with the hypothesis that the mutation at K123 increases the stability of SHP without reducing its repression activity, while mutation at K122 increases the stability of SHP, but also inhibits its repression activity. Since K122 is present in the nuclear receptor-interacting region in the central domain of SHP, we tested whether the K122R mutant shows impaired interaction with HNF-4, a well-known SHP-interacting nuclear receptor (Lee et al. 2000; Lee and Moore 2002) . In vitro GST pulldown assays showed that the K122R mutant efficiently interacted with HNF-4 (Supplemental Fig. S11 ), so that impaired interaction with nuclear receptors does not explain the decreased activity of the K122R mutant.
We further examined the effects of ectopic expression of SHP wild type or mutants using adenoviral infection on expression of endogenous CYP7A1 in HepG2 cells. Similar infection efficiencies were obtained as monitored by detection of GFP (Supplemental Fig. S12 ). Consistent with the results from reporter assays, exogenous expression of Flag-SHP wild type reduced mRNA levels of endogenous CYP7A1, and the K123R mutant significantly enhanced SHP repression of CYP7A1 (Fig. 5F ). In contrast, exogenous expression of the K122R mutant decreased CYP7A1 mRNA levels significantly less than wild type, even though K122R levels were increased (Fig.  5F ), consistent with the lack of enhanced suppression by this mutant in the reporter assays (Fig. 5E ). These results suggest that the K123 mutant results in increased stability of an active protein, while the K122 mutant results in increased stability of SHP with reduced activity.
CA feeding and FGF19 treatment increase SHP stability in vivo
To determine the in vivo relevance of the findings from cell culture studies, levels of Flag-SHP in mouse liver after treatment with bile acids or FGF19 were determined. Consistent with previous reports (Goodwin et al. 2000; Lu et al. 2000; Kerr et al. 2002; Wang et al. 2002) , Cyp7a1 mRNA levels were decreased, whereas the Shp mRNA levels were increased by about twofold after 14 h of CA feeding (data not shown). In contrast, while Cyp7a1 mRNA levels were decreased by FGF19 treatment, Shp mRNA levels were not increased by FGF19 treatment (Fig. 6A) . However, Flag-SHP levels in both nuclear and cytoplasmic extracts were substantially increased fourfold to fivefold after FGF19 treatment (Fig. 6B) , suggesting that treatment with bile acids or FGF19 increased SHP stability without markedly changing the cellular location of the protein. These results indicate that in the case of CA feeding, both regulation of SHP stability and gene induction contribute to increased SHP levels. In contrast, for FGF19, effects on SHP stability predominate with little or no effect on SHP gene induction. These results are consistent with results from cultured cell studies and support the conclusion that SHP stability is substantially increased by bile acids or FGF19 treatment.
Since active phosphorylated ERK levels were increased in HepG2 and PHH and inhibition of ERK dramatically destabilized SHP (Fig. 3) , we examined if activated ERK The values for firefly luciferase activities were normalized by dividing by the b-galactosidase activities. SEM, n = 3. (F) HepG2 cells were infected with Ad-virus and, 36 h later, cells were further subjected to qRT-PCR. Statistical significance was measured using the Student's t-test. (*) P < 0.05; (**) P < 0.01; SEM, n = 4. levels are also increased in mouse liver after CA feeding or FGF19 treatment. While total ERK levels were similar, the phosphorylated active form of ERK in liver was substantially increased after CA feeding or FGF19 treatment (Fig. 6C) , suggesting that ERK is activated in both cases. These results are consistent with results from cultured cell studies and support the conclusion that SHP stability is substantially increased by bile acids or FGF19 treatment through activation of ERK.
SHP stability is elevated in ob/ob mice and diet-induced obese mice
Reduced lipid levels and increased insulin sensitivity were observed in SHP-null mice ) and, conversely, elevated hepatic lipid levels were observed in transgenic mice overexpressing Flag-SHP (Boulias et al. 2005) . These transgene studies suggest that highly elevated SHP levels could underlie abnormal hepatic metabolism in metabolic disease states. To test this possibility, we examined the mRNA and protein levels of SHP in ob/ ob mice and mice fed a chronic western-style diet, which are animal models for fatty liver (liver steatosis) and type II diabetes. In ob/ob mice, the mRNA levels of a hepatic lipogenic marker, stearoyl coA desatrurase1 (Scd1), were dramatically elevated, as expected ( Fig. 6D ; Huang et al. 2007 ). In contrast, Shp mRNA levels were not significantly changed in both ob/ob mice (Fig. 6D) and in mice fed a chronic western diet (Fig. 6F) . Interestingly, Shp mRNA levels in Balb/C mouse livers were markedly decreased compared with those in CV57 mice and ob/ob mice (Supplemental Fig. S13 ), emphasizing the metabolic differences among strains and the need to use congenic mice as controls. Surprisingly, in contrast to the unchanged mRNA levels, Flag-SHP levels were dramatically elevated in both nuclear and cytoplasmic hepatic extracts from ob/ob mice compared with congenic CV57 mice (Fig. 6E) . Also, in mice fed a chronic western-style diet, endogenous SHP protein levels were increased by more than twofold (Fig. 6G) , even though the mRNA levels were not increased (Fig. 6F) . The mechanism underlying elevated SHP stability in these obese mice is not clear, but these intriguing results provide a potential link between abnormally elevated SHP stability and metabolic disease states.
Discussion
Negative feedback regulation of bile acid biosynthesis and its importance in maintaining cholesterol and bile acid homeostasis has been known for many years. A major advance in understanding the mechanism of this regulation was the demonstration that the nuclear bile acid receptor FXR induces the expression of an orphan nuclear receptor, SHP, which in turn represses the expression of CYP7A1, the first and rate-limiting enzyme in the bile acid synthetic pathway (Goodwin et al. 2000; Lu et al. 2000) . It was also shown that cell signaling mechanisms other than this nuclear receptor cascade modulate SHP regulation of CYP7A1 (Gupta et al. 2001; Kerr et al. 2002; Wang et al. 2002; Holt et al. 2003) , which raises the possibility that post-translational modifications might regulate SHP function. Here, we report that, in addition to effects on gene induction by the FXR, hepatic bile acids also dramatically stabilize SHP protein to suppress hepatic bile acid biosynthesis. Furthermore, bile acid-induced intestinal FGF19 acts at the liver by increasing hepatic SHP stability, without increasing SHP gene induction.
As summarized in Figure 7 , in the basal state, SHP is degraded rapidly in hepatocytes by the ubiquitin-proteasomal pathway, with a half-life of <30 min. This short half-life would be consistent with SHP's role as a critical metabolic regulator whose activity must be rapidly and tightly modulated in response to hormonal, nutritional, and other cellular signals. When hepatic bile acid levels are elevated, bile acids increase SHP protein levels by blocking ubiquitination and proteasomal degradation. CDCA treatment resulted in increased levels of phosphorylated ERK, inhibition of ERK resulted in increased degradation of SHP, and mutation of Ser26, which is phosphorylated by ERK, resulted in a dramatic increase in SHP degradation, all of which are consistent with the hypothesis that the effects of CDCA on SHP stability are mediated by activation of ERK. These observations are consistent with the demonstration that ubiquitination in many systems is dependent on upstream phosphorylationdependent processes (Pickart 2001; Brooks and Gu 2003; Sundqvist et al. 2005 ). These studies demonstrate for the first time that increased stability of SHP plays an important role in increased SHP action in the liver in response to elevated bile acids, in addition to the increased SHP gene expression.
A second major advance in understanding the mechanism of feedback inhibition of bile acid biosynthesis was Figure 7 . Bile acids and FGF19 increase stability of hepatic SHP by inhibiting ubiquitin-proteasomal degradation and activating ERK pathway. SHP is rapidly degraded by the ubiquitin-proteasomal pathway with a half-life <30 min. Bile acids not only increase SHP gene induction by activation of the nuclear bile acid receptor FXR, but also substantially increase SHP stability by activating ERK and inhibiting proteasomal degradation. Treatment with a primary bile acid, CDCA, increases phosphorylation of SHP at Ser26 and inhibits ubiquitination at Lys122/ Lys123, which results in increased SHP stability. Bile acidinduced intestinal FGF19 predominantly increases SHP stability, with little effect on SHP gene induction, by activating ERK and inhibiting ubiquitination and proteasomal degradation. the observation that bile acid-activated FXR induces the expression of FGF15/19 in the intestine (Inagaki et al. 2005) . The secreted FGF19 acts at the liver to suppress CYP7A1 expression by a mechanism that appears to be SHP-dependent, since the suppression is decreased in SHP-null mice. It was surprising, therefore, that the hepatic levels of SHP mRNA were not increased by treatment with FGF19, so the reason for SHP dependence was somewhat puzzling. Our present studies provide an explanation. FGF19 dramatically stabilizes SHP in the liver, resulting in increased SHP levels even though SHP mRNAs are not increased, which explains the SHP dependence. The mechanism of FGF19 stabilization of SHP is very similar to that of bile acids. In both cases, ubiquitination is decreased and ERK is activated, so a plausible model is that FGF19 increases ERK-mediated phosphorylation of SHP, which results in decreased ubiquitination and proteasomal degradation. The difference between bile acids and FGF19 is that bile acids increase both SHP gene expression and SHP stability, while FGF19 acts only through effects on SHP stability.
These studies have further established that increased SHP stability is associated with conditions of abnormal metabolic states in mice. An important role for SHP in lipid and glucose metabolism was established by the reduced liver and serum lipid levels and increased insulin sensitivity observed in SHP-null mice (Kerr et al. 2002; Wang et al. 2005 Wang et al. , 2006 and, conversely, elevated hepatic lipid levels observed in transgenic mice overexpressing Flag-SHP (Boulias et al. 2005) ). In ob/ob mice, a mouse model of fatty liver disease and type II diabetes, high lipid and glucose levels in both liver and serum were reduced by crossing the mice with SHP-null mice, suggesting that the abnormal lipid and glucose levels were dependent on SHP (Huang et al. 2007 ). We showed in two metabolic disease models, ob/ob mice and diet-induced obese mice, that SHP levels are increased compared with control mice-a result of increased stability of SHP. In both cases, SHP mRNA levels were not increased so that the major defect in regulation of SHP is in the stability of the protein. The mechanism of the increased stability of SHP is not clear in these disease models, but SHP stability is clearly an important component underlying the metabolic dysfunction.
The major sites of ubiquitination in SHP are K122 and K123. Mutation of these lysine residues to arginine is expected to increase basal levels of SHP, if these sites are ubiquitinated. Bile acid treatment results in only modest additional increases in the levels of the mutants if bile acids act by inhibiting ubiquitination at these sites. In functional assays, the repression activity of the K123R mutant was enhanced compared with wild type, consistent with elevated levels of this mutant. Unexpectedly, however, the repression activity of the K122R mutant was decreased even though levels of protein were elevated. The explanation for this observation is unclear; in vitro GST pull-down assays suggest that decreased repression activity of the K122R mutant does not result from impaired interaction with nuclear receptors. Posttranslational modification of K122 to a modification other than ubiquitination itself might be important for SHP inhibitory activity. For example, K122 could be a target of sumoylation, which might be essential for SHP repression activity, as has been shown in other transcriptional activators like PPARg (Pascual et al. 2005) .
SHP is emerging as a critical regulator for multiple metabolic pathways, including cholesterol/bile acid, fatty acid/triglyceride, and glucose metabolism (Bavner et al. 2005; Boulias et al. 2005; Wang et al. 2005) . Dysregulation of these metabolic pathways underlies major metabolic diseases in humans, such as liver steatosis, obesity, diabetes, and cardiovascular disease. Our studies show that regulation of SHP stability is important both in physiological regulation of metabolic homeostasis and in pathological conditions. Components of the pathways involved in the regulation of SHP stability, therefore, may be attractive targets for the development of therapeutic agents that modulate SHP stability to treat these metabolic disorders.
Materials and methods
Cell culture and reagents PHH were obtained from the Liver Tissue Procurement and Distribution System of the National Institutes of Health (S. Strom, University of Pittsburgh, PA). HepG2 cells (American Type Culture Collection [ATCC] HB8065) and mouse Hepa1c1c7 cells (ATCC CRL2026) were maintained as described (Kemper et al. 2004; Fang et al. 2007 ). CDCA, CHX, proteasome inhibitors, and M2 antibody were purchased from Sigma, Inc., and kinase inhibitors were purchased from Calbiochem, Inc. ERK siRNA and control siRNA were purchased from Applied Biosystems. Antibodies for SHP, ERK, HA, GFP, tubulin, and lamin were purchased from Santa Cruz Biotechnologies.
Plasmid and adenoviral vector constructs
For constructing the pcDNA3 Flag-mouse SHP, pcDNA3 Flag-SIRT1 plasmid, which was provided by Dr. W. Gu (Columbia University), was digested with EcoRI and NotI to remove the SIRT1 sequence, and then a 0.9-kb fragment containing SHP cDNA was inserted into the resulting Flag-pcDNA3 vector. Flag-SHP mutants were constructed by site-directed mutagenesis (Stratagene, Inc.) and confirmed by sequencing. Ad-Flag-SHP wild type and mutants were constructed with the Ad-CMV-Track system and the adenovirus vectors, which also express GFP.
Animal experiments
For adenoviral experiments, mice were injected via the tail vein with ;0.5 3 10 9 active viral particles in 200 mL of PBS and, 4-7 d after infection, the mice were fed normal chow or chow supplemented with 0.5% CA (Harland Teklad TD05271) for 3-24 h For western diet mouse experiments, mice were fed normal chow or a high-fat chow (42% from fat; Harland Teklad TD88137) for 16 wk. All the animal use and adenoviral protocols were approved by the Institutional Animal Care and Use and Institutional Biosafety Committees at University of Illinois at Urbana-Champaign and were in accordance with National Institutes of Health guidelines.
Hepatic Flag-SHP complex purification and mass spectrometry analysis Flag-SHP was expressed in mouse liver by adenoviral infusion and isolated by binding to M2 agarose. Briefly, 10 mg of proteins of liver extracts were incubated with M2 agarose in binding buffer (20 mM Tris-HCl at pH 7.4, 1 mM EDTA, 0.1% NP40, 15% glycerol, plus 0.1% SDS in the phosphorylation study) for 4 h and the M2 agarose was washed with binding buffer six times. Proteins associated with Flag-SHP were separated by SDS-PAGE and detected by silver staining. Protein bands were excised and subjected to MS/MS analysis.
Pulse-chase and CHX experiments
HepG2 cells were infected with Ad-Flag-SHP and were incubated in methionine-free medium for 2 h. Trans-label mixture (BP Biomedical, Inc.) containing 35 S-methionine was added for 30 min and then cells were cultured in medium containing 103 unlabeled methionine for up to 3 h. Flag-SHP was immunoprecipitated with M2 antibody in RIPA buffer (50 mM Tris at pH 7.5, 1 mM EDTA, 1% NP40, 1% sodium deoxycholate, 0.1% SDS) and radioactive Flag-SHP was detected by autoradiography. For endogenous experiments, HepG2 cells in 10-cm plates (per group) were treated with CHX (10 mg/mL), SHP was immunoprecipitated with SHP antibody (sc-30169) and washed in RIPA buffer, and SHP was detected using SHP antibody (sc-30169 or sc-15283).
In-cell ubiquitination assays
Because of poor transfection efficiency in HepG2 cells, cell ubiquitination studies were carried out in hepa1c1c7 cells. Cells were transfected with expression plasmids for Flag-SHP and HAubiquitin and, 24-36 h later, Flag-SHP was immunoprecipitated with M2 antibody in RIPA buffer. Samples were subjected to SDS-PAGE and HA-ubiquitinated Flag-SHP was detected by Western analyses using HA antibody.
MS/MS analysis and in vitro ERK assay
Flag-SHP was expressed in HepG2 cells by adenoviral infection and, 36 h later, cells were treated with either vehicle or 50 mM CDCA together with 5 mM MG132 to block proteasomal degradation. Flag-SHP was purified by binding to M2 agarose to near 90% homogeneity and subjected to MS/MS analysis (Supplemental Fig. S6 ). For in vitro ERK assays, Flag-SHP that had been bound to M2 agarose was incubated with 10 mCi g 32 P-ATP with 20 ng of purified ERK (Millipore, Inc.) in 25 mM Tris-HCl (pH 7.5), and 20 mM EGTA for 10 min at 30°C. After Flag-SHP attached to the M2 agarose was extensively washed, radioactive Flag-SHP was detected by autoradiography. Alternatively, Flag-SHP was incubated with unlabeled ATP and ERK, and phosphorylated proteins were detected by Western analysis using phospho-Ser-antibody (Millipore, Inc.).
Chromatin immunoprecipitation (ChIP) assay
HepG2 cells were infected with Ad-Flag-SHP and, 36 h later, cells were treated with 10 mM PD98059 for 0, 15, and 60 min and cells were subjected to ChIP assays as described previously (Kemper et al. 2004; Miao et al. 2006; Fang et al. 2007; Ponugoti et al. 2007 )
Real time quantitative RT-PCR (qRT-PCR) analysis
Total RNA was isolated using Trizol reagent, cDNA was synthesized using a reverse transcriptase kit (Promega, Inc.), and qRT-PCR was performed with an iCycler iQ (Bio-Rad, Inc.). The amount of mRNA for each gene was normalized to that of 36B4 mRNA.
